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.lb.$//”(/(’/:  \\’(’  (’Xii  Il)ill(’  ttl(’  Ij(’ll:tvit)r of tll[’  S(’iitt(’l’(’(1  r’lc’ctlcJIllagIletic fi(’ld fIOIIl  ItiIl(lOlll

(;:illssi:i[l  ])f)v,’(’r-law  Slll”l’ii(’(’S  for [1(’:11  p,razillg, i]lcidrll(e. Using  tile lIIethod c)f II)olncllts  slid

polio(lic  I)oltti(lary  (olltlitiulls, Jve c;ilculate tlIc histatic cIoss  scctioll for LotlI  p o l a r i z a t i o n s

:Illd a l’iil’i(’t~  of’ sulfac(’  11(’iglits a n d  slOpes for illcidelice angles as large as 89°.  Wc exa Ini Ilc

[II(, rrs(l]ts tt) clucidatt’ llIe  scatttrillp; lllecllaaisIn wllicll  dolni  Ilate a t  tlIcse lligll graziIlg

aIIp,l(Is iIIId iill(l cvi(lctic(’  for l{riI,g,p,  s(attcrillg as well as slladow’i  IIg effects aIid  surface mc]des,

‘1’11(1 l)ol~~rilll(tlic  Ij(,li:ivit)r of tlIc  fi(l(l is (Iiscussd  ill d e t a i l .

1. lIltl’ocl UctioIl

\1711ile tl]c  illaill  l)llysi(iil  IIlc(ll:illistlls  for Illodcrate iIlcidellce  angle scat ter ing froln rough

s[Irfac(Is ar(I  quaiitativ(’ly uIIcl~IIstII(~d  (altllouxll wc st i l l  lack a theory wkich  gives  g o o d

q u a n t i t a t i v e  r(wlllts  f(]l  al] slllfil(rs), tltc saIIlc  canIlot he s a i d  f o r  scatteriIlg  Ilear  grazing

illcl~l(’11((’. \\~(I kIIOLY thjit sllad,)l~ill~,  ]llust  l)lay SOIIIC  role,  hut we do Ilc)t know  how tc) derive

ii slla(lolvil]~  (orre(tio]l  I’li)lll fi].h[ ])ri]lcipl(w. ‘1’lIrIro :il(’ solIle  Ilcar  ,graziIlg d a t a  fro~n the

{)C(I:LII  surl’ac(,  (seO \\’(I(z(Il  [19!) ( ) ]  :II\(l ‘1’Ii7,1~a [19!31] fol a ]eview) b u t  with oceaII  surfiacc

(Iat:t  it is lI; Ir(l to I)P SIII(L  tlI:It III(, s(lrfacc  i s  a d e q u a t e l y  c h a r a c t e r i z e d  at tile aljl)rc)l]riate

l[IIp,tl I s(alw. Ocea  I I  da(a S(VIIIS  t[)illdicate tl[at tlie s m a l l  l)erturlJatioIl metllorl (S} ’M)

[l/i((,,  I!)T)l]  ])rovides  uIIPx])(JrtPdl,y p,oud l)rcdictio]is fc)r v e r t i c a l  p o l a r i z a t i o n ,  but Ilot  f o r

II[)rizolltal  l)olarizatiollc I t  lIashecIL  observed th:tt tile occatlllorizc)lltal cross  sectiol~ c.anh

:LS lill”~,()  as tll(  vorlica]  oIIo, aIId tliat the rcturIls can exhibit h ighly intcnnittmit b e h a v i o r .

:1 cotltloclioli of tll[’sf’ol)s(lk’:itic)lls  tosll:iclc)tviI[  golf c’:Lt{lr[’s  cattcriIlgllas  bemI s u g g e s t e d

[\’17rt7,[’l.  1990].  III sl)itr’ of  tlleso  pi(’ccs of  illforlnatioll, we still do ]Iot IIave a clear l)liysical

Ii[l(l(’lst:ill(lillg  of  the  gol(oral  scatteri[lg, Illecliallisllls ill operatio]i, o r  wliet,l~cr  such  a tl~ing

exists.

otie o f  tile problclns  wit]) trying to disclltallglc tllcse c l u e s  i s  that we d o  Ilot  kIIow

if l)reserlt  scat ter ing tllwrics (after, perllal)s, hriag corrected for shadowiIlg efl’ects)  are

:,(1~’(lllatc  and tlie surfact’s  arc il~su[liciolltly  cllaracteri?, ed; c~r wlletlicr these tlleorics are

fllIl(l:~l~~{’\ltally  wroII~ ill this illcid(llco rcp,iI[lE’. ‘1’lIc  l)urpose of this l)al)er  is to help elucidate

this qttcstioll I)y pmtllltillp; tllc r(’suits of Iiumcvica]  scattering calcu]atiom at small grazing
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ill(i(l(’lice  fur v: Lrious sllrfacc 11( ’ip; llts, SIO])CS,  iill(l l)olariz:itiolis aIId tc) dcscrihe tllc be]lavior

of tll(, sca(tod  ficl<l as tllc+e (It}alltitics  am varied. ‘1’l]e  clnpllasis of tliis ImpcIr will be in the

1)1’(’h(’lltiil  iull of tllc Ilul]i(lri(al  r(’slilts  alId a disrussioIl of tlIP ])llysical  scattc’ril~g  Inccllallislns

Ivllicll CaII 1)(,  i]]f(,rr(,(l f’Iol II tlI(w’ Iesull, s.

‘1’() this [’II(I,  JvO Ilavr illll)l(’llic’lltc(l  a pclic)dic  boulidary  collditioli vcrsioll  clf tile Illetllod

(JI II IO II IPIIt S (llohl) ;vlli(ll  :Lll[)ws (Is tc) avoid cd~c  currcIIit effects wllicll  have restricted tllc

al)])licatio]l  of lliis lIIctl  I(Id tc) slIIall :;razillg aIIgle illcidcllce. ‘1’lle IIumerica]  illll)lelllcritatioll

of this tt~ctl)(ld is l)lcselltf’d  ill tll( IIPXt scctioll and A~)~jctldix A, ‘1’he fc)llowi}}g tllrcc sm-

‘tiolls arc devotc(l to st~l(lyillg  tlI(’ far fi(’ld IJolarilnctric msl)ollse, t}le s u r f a c e  currerlt, alicl

sl)a(lo!i’iilg  2111(1  IIcar fi[~ld [’ffec~s. ‘1’IIP  dctai]d cc)lnparisoll  of these results agaillst analytic

Lllu)ries  wi l l  1~(~ ~ik’ci] ols(,\vlIPI(~, altlic)up;h  we IJrese[lt  scMne qualitative discussions of this

1 ol)ic. ‘1’lic IJrw+c’llt  ivt)]fi  (LX IPII(lS ])r(’vic)us  work I)y ‘1’lIorsos  [1 990] and Ngo allcl Nino  [1 993]

l)y exal[~illillg,  tll(’i]l(ido]ic(,  alIp,lr’ lj(’yc)]Id  80° , alId  by p,ivil~g a fully pc)larilnetrir trcatlllcllt

of tllc scatt(:rcd field [Llicll{’1 et al., 199’2].

‘ ]  ’]1(’  llUlll(’1’iCa]  111)])](’111(’lltiltloll  O f  t]lc’ SC:ittC’1’ill#; CalCU]atiC)llS  CC)]lSIStC’(1 ill ~eIlerfitlIl~

(’IIS(IIIIIJ](IS  of’ (;:iilssiall I’IJIIHt  I sltrfa(”c%; using t)lc  lncthc)d  o f  IIlc)lnents  (L40M)  to  Ca]cu]ate

tlIe s(llf:i((’  cI]lrclIt; calclilatillp;  tile scattered field lIlodes;  and,  filially,  deriving tl~e a v e r a g e

I,olali[llotl,ic si~,llatllro  hy avera<qil~g  C)ver  tllc Clisclllhle. l)ue to colllI)utatic]llal limitatic)ns,

v;(, Ipstlict(,(l OUISC]VCS  to c]ll(,-flilllcllsic)ll:il  l)erfcctly cc]llductillg  s u l f a t e s .

‘I’l Ic ral  Id L) III surfacf,s  w’cre gcIIIcIrated l}y Illaki]ig  aII u]lcc)rre]atecl,  u]lit  variance, Gaussian

Iii IId(jIII  tloiso sfquellce  ill tllc wavoliumher dolllaill, a])plyi]lg  tllc a])l)ro]j]iatefiltcr  fu]ictio]l,

aIId ]’ollrier  trallsforl)~ilig;  to tllr coordinate  dolllain (fclr details, see [Rodriguez, et al., 1992]).

‘1’ILc  surface s}~ccttull~  was l)rol)orl,ic)nal  to FL-s , and we Cxal)lilled  a spmtral  clecays  of .s = 3 .

‘1’llis sl)cc~r:i] decay is Ol)servod ill ocean s u r f a c e s . We also Cxalnilled  a sl]ectral decay of

s = 2.,5 l~ut (ICI Ilot SIIOW tile rw+ulls  liere  si]lce tllc cc)llclusiolls  d r a w n  f r o m  them arc silni]ar

to tll(’  .s = :1 case. ‘1’IIC  slllallcst W’aV[’](’IIF;t]l  prcscl~t  irl tlicse surfacm w a s  0.2 A, wilcre

A i s  t]IP olrctlotll:ig,li[tic”  w’avelr’llg,tll. ‘J’he lonp;est  wavcIhigth,  A ,  was  varied to examine
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tl]e  ((li,{ts o f  cllall~illg tllc corlelatioli leligtll (0]  tllc s u r f a c e  slol)e  tcI IIcigllt  ratio). We

oxalllille(l  tllc loIIgf,st w’av~~](>li,qtlls  of 102.4A, 51.2A,  ‘25,6A,  :ilid 12,8A, ‘1’liree  s u r f a c e  roc]t

iiio:t)l sqIIiiII’(1 (r II Is) Ileigllts v.eIf’  (’x:il[lillcd: l.\, O. LA, alId O.IA but  we dc~ Iiot l)resellt tile

(1.5/\ rt’h[llts sitl((~  tll(,y  ad(l  II(jtlli]l  y,c)fcc)llsc’(l(  tellce, l’igulc 1 ~)rescl~ts  tl~cs~lrfidce  slc)~)es and

curv:ltllr(v+ I(JC tllc s = 3 slirfac(’s,  as li’cll as tlleflactioll oftlie surface wllicll  is ill Illol(ostatic

slli~tlowill~  for various tw’o-s(ale  lli~ll frequency sl]adowill~ cllt-ofl’s .’l’fvo-scale  shadowing is

iltll)l(’lli(lllt(’(1  I)y cal(lll;itillp,  tlIII slI;I(low’A  area after the nigh  f r e q u e n c y  colllpoxletlts  aljovc

1,11(’  Cll(-off fl(’qu(’licy al’(! r(’lllove(l. JIS call be seell,  a suljstalltial fractioll of tllc surface is

slIa(lo\v(J(l 1(JI tlte Iarp,o] sllclac( 11(’i~,llt,s,cvoll  w’llell ttle tl$’c)-scale’ sl~aclowi]lg clltofl is set to

:)A.

‘1’11(’  I)ip,f+(s( ])IX)I)lCIII (ll((](lllt(’1((1  ill h40h4  calculatiolis from ranclom rough surfaces

is tli(~ avoidance of (Idg(,  (’fl’ects. ‘1’his p r o b l e m  w a s  rccog]lized  long  ago hy Axlille and

1’II]IF;[I{)7X];,II{I  \i,lic~(lsll l(,tl,c,(lsll:LLclje el,})rc)l)ose(lto(  lealtvitl1it. C;lllrelltly,tllelllost

l)oi)ll!:illll(tllo(lill” tlleiit(liit~il(  istll[t:i})  elccl~va~ell  ietllc)(li)ltro(l ~lce(lljyrJ1llc )rsos[l988],

irll(’rc  tllc incidcllt fi(!ld is tak(~li L(I I)e a tal)ered field w’llic]l satisfies h4axwdl’s e q u a t i o n s

il])])l’L)Xill)  :lt(’lS,  I)u[ ;Itt(’llll;itc’s  (11(’  r(tulll  fro]ll tlleed~es s o  t h e y  areneglegil)le.  MTJlile this

lrlc(l I()(l  is Voly  attcactivc floill  tllc Ilullleric:il  staltdpoillt,, it is limited by the’ validity of tile

tal)f’tilly,  :Il)l)lc)xitll;ltiori. ‘1’lLOJSOS  [19XS]  lIasslIowII that the approxi]i)atioli  is  val id asloIlg

tll(’ I)acalll(’t(’r  ( = ,\/l, cosf)L)  << 1, (1]) this exl)ression, 1, is the surface length, and QO is

the illcidf:llcc  :iflg;]c. ) It is clear tll:it, as 00 --+ 7r/2 one  ]nust have 1. –+ w for tile p a r a m e t e r

t[l lc’lilaill slliall. ‘1’l}is  l]]akos tl]o 111(’t}lod ullsuitab]e for IIear grazing calculatiolls, a l t h o u g h

Ngo:ilid  Ilillo  [1993]  ll:lv(’[’xtf’ll(lc’(l tllc v a l i d i t y  Oft]lo IIlctllod  tc~al)l)rc~xilllately  800,

T\lI alterllatQ v’:~y  of  avoiding e(l~e efl’ects  is to  assul]lo  t h a t  tile surfaceis  l)eriodic and

that tll{t ])criod  is largcc’llol]gll  s(otllal thescatterd field,  w h i c h  llowlias a{liscrete allglllar

sl)ectrull),  al)l~rcjxin)ates  t}ic continuous spcctrulll froln  alL infinite surface, 2’Ilis will be true

if tli(’ {Illglllil]’ separat ion 1)~’tiveell I[lodes  is sll]aller thalk the angular resolutio]l r e q u i r e d

t[l (Jl)soI\’P  tll[, surface. ‘1’llis ll]ctlIod  was proposed by us [Rodriguez et al,, 1992] [I{illl et

al . ,  1992] to dc’al with Illodcrate incidence a~lgles  a]ld tile reader  is  refered t h e r e  f o r  o u r
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~ollvp]l~i[)ll~. ‘1’lielifIy tc)illll]lc’lll(lllill~  this Inotliod  is tll(’f’v:illl:itic)ll  oftlicl)c!ricldic GrcIe]I’s

Iullcti(]ll  illl(l itsllc]rllliil (lf’lilf:tti V(’clll  tllCSUlfa  Ce. IIltll(’tvcjlkcitc’cl :~l~cjke, tl’eal)~)roxilllatc(l

111(’ (;1(’(’11’s  fllllctioll

l]iis is a(](’qu:it(’  f o r

,[i])])rOii  C}IrS ~,razillp,.

lj.ysll ll~l]lillp, (]lllyiifc’w  t('llllsc )fit~illfil lit(Js['ric'sT  el)rc'sellt:itio1l. W]lilc

IIlo(l(’rat(” ill(idt’l]cc  :iIip,lPs, it is IIot suilicicllt as  the illcidmcc allglc

ll(Ir(,, w’t’ IIlill{(’ llS(’C)f  ZiIl integra~  rej)lcs(>lltatiolLo ftllc’})elic){lic  GIWII)S

fullcti~]ll []btaillcd 1)s t~(IysL)glN  ~t al. [1991]  togctllcrwit  Il scJ1l~c’  al)l)rc)xill~atic)  lis~vllicll  m a k e

tlie Nlolltc  (’arlo evaluatic]ll  cc~llll)llt:iti(llli~ll~  eflicie]it. ‘1’l\Q details oftlle lluli~erical  method

,iro l)rcsclltwl  i)l Aplwlldix A .

M’eusd tll('['xl)]('ssicl[  lsfcJrt  ll((; J[,c,ll'sf llllctic)llc)l  ~taiJl(~(l ill Appendix  A together with

‘tlic MON1.  lior rac]i  case sllldid, R’(I USN1 a  t o t a l  of 100 hdollte  (;arlo rcalizaticms and all

llllfi calclllatiolls w’cr(,  prrl’t)rtllo(l IIsil+’;  (loulJle  pwcisioll alitllllletic. ‘l’lie  c,llcrgy cc)llservation

was C:ll(’lllilt  (’(1 f o r  (L!s(’  :ilI(l w’~ls lo~llld to he I]cttf’r  tlltill  O.1% ill a l l  cases, and better than

O. OO1’X1  ill ll)osl ({i>tI>. \~’f>  f’htilllal(’  tliat  tlic c]ror I)ats  ill our scattcri]lg r e s u l t s  clue to

Sl)t’rkk’  ;II’(’  of tll(’  01”(](}1”  of ~ ]  (1]].

:{. l“ar I’iclcl  }Lesults

1’(II  ollc  dilnell>iolla]  surfac(’s. (lIC coll~plete  pol:irinietric Stc)kes ma t r ix  ha s  oIIly f o u r

11~)1)-~cro (IIPIII(~IItS  [hlicl)d et a l . , 1$)!) 2]. Rather than usi)~~ the Stc)kes lna.t]ix e l emen t s ,  i n

t h i s  l)al)(~r tv[’ w i l l  (Jxalllillo  tlie lollow’ill~ l)aralnetcrs w’lkicll  cc]lltai]l tlie same itlforlnatioll

l)ut  are(,asicr to illtori)rot I)liysically:

(1)

(2)

(3)

(4)

wlIPre (),, is tile scat teril]p, allp,le f’L)r  tile 11(II  l)lol)ag:itili~ I[lode s l id  i s  ,givell  by tile gratilig

f~(jllati(jli

(5)
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~r’.’//(f~,, )  illl(l f’j~.(fl,, )  al’(). l’IJS])CCtj  V(il~, tlLe llo]iz,ollt:il  atId vert ical ly l)olarizcd s c a t t e r i n g

lI1(J(Ics,  aII(l II’(, have Ilorlllalized tlIc’ bistatic cross sectioli SLICIL that it :igrecs  with IIolll)cric)dic

s111’1’:1(’(’  (’ilh(’ iilt(’1’ i]i((~:,latill~;  [) L’(’l’  all scatt(’rillg, allp,l(’s  [1,011  (It al.,  1!391].  ‘]’]Ie pal,all)ct(,rs

‘r iIII(l (1) r(’l)lf’hPIIt  (Iif’  IIlap,llitll(lc  (II tllc fi(’ld c o r r e l a t i o n  and tlie r e l a t ive  pliase difl”ercllce

l)(,tIv(I(III  [II(’ I I -  :iIId V-polariml Ii(lcls. III IIIP SIIIall  l’(tlt~lllj:iticjli  h~etllc)d  (S1’hJ)  or l’}1-ysica]

ol)lir~ Iilliits  tile c{)ll(lalioll ~llou]d I](’ (Illity slid tile 11 slid V fields  s h o u l d  be out of l)llase

I)y lSOO, l)(~viatiolls  fro]ll tll(sc values  call  IJP due t o  two c a u s e s : a diil”erellt  scattering

I]lc,cll:illislll (sucli  its Illultil)lc  scatt(,rillg o r  slladowilig,)  a})p]im; 01, the surface features

1(’st)ollsil)l(,  I(I1 I)roducillp,  tlI(L sc; ttt(~rilip,  arc (ll{lcrellt  for  tile t w o  l)olarlzatlolls.
. . ,.

\\ ’C’ (’Yillliill(’  first tlI(’ slIliill  slllf:I((  llcip;]lt lilnit. ‘1’llo  cxpalisio]l  paral[~etcr for the S1’h4

is ~iv{’11  I)y h = i:ol, (oh 00, lVII(II(I 0/, is tllc sLIIfacc  IIeigllt standard d e v i a t i o n ,  slid we ex~)cc.t

[Ilat S1’hl ivill allvit~~ :Ll)l)ly I’ol sl]lall  su r f ace  IIcigllts  l)ro$’ided  tile su r f ace  slo~)e  i s  sma l l ,

~vlii(ll  i s  tlIe  c)tl I(Ir iisslllll])tioil  III:i(l(J  ill dcrivill~ tile S1’hl r e s u l t s . I’igum  2 l)reselits the

Ics IIlts fol  t h e  four  l)olarilll(’tlic  l)aralll(tters  f o r  all illcidcllce allg]e  o f  89° and oh = O. IA.

‘![’II(Is(J rrsll]ts arc Ji’lIal  i s  (xl)((t((l  IVIICII  S1’hf holds: tllc histatic cross section is (aside

fr(]ill all :ili~lllar fa(tol) a  ro(lrctio]i  o f  tlIc lll:i~llitude of tlIc  IIragg; w’avel~uml)cr E’ourier

((Illl])olIolIt.  I’f)r  tile t;vc)slirfacfs  W’l I(IsclolI~est lva\’rlelI~tlIs  are51.2A  alid 2,5.6 A,thcre  are

II() r(’soll:irlt  lJr:I~g iv:ivf’s  (10s(’ (() ttl(’  I’brw:ir(l  (Iilcctioll aIId tlIc  bistfitic c r o s s  sectioIl slIows

;L S(l VCI’C (ll’[ )1) fol” tll(, SP iill L<l(}S. ‘1’lI(IsIIl:ill  colltril)utioli ill tliis directioli cali  beattrihuted  t o

]iowllr:i~~ol lnultiplo Scat tcri]lg. \Vitll tile excel)tioll of these angles, alid  of the near gra7,i11g

1110(1(’  ill tli(’ b a c k w a r d  direct iolll tho  field col-relatic)n  is unity. ‘1’lIc olte  deviatioII froln the

(xpccte(l S1’h4 bcliavior  is show]i  IJy tile llV relat ive phase difference wlLich dec reases  t o

170° for the surface with tile lligllmt slo])e l’:iriallce. Also,  Iloticc that the l)hasc diffmm[c.c

for 111(’  aIIc;l(Is  where sil~glc llrap;~  scatter is 1101.  su])poltd  shifts radically. ‘]’his  is consistent

w’illl tile Illulti])]e  sca.ttrrillg illt(’l])l(,tatic)ll  f o r  tlIe  mccllallisln: a  double hou  IIcQ eveIIt  has

d) = Oil] tllel)l)ysir:il ol)tids  Iilllit, ‘1’1[~’rf:s~lltsfc)lztll  illci(leIlc[’  itllgle  c)f80°(Ilot sllo\vll)  arc

simi]alj I)ut ill t]lat case tllo (Iiscl{,l)allcics  ill t i l e  co r re l a t ion  coefliciellt allcl tile p}iase  s h i f t

ill tll(: silig,lc Ilragg,  sca t t e r  rep; ion arc IIot ])resel)t  ilkdicatiug tha t  a t  t h i s  i nc idence  aIlgle
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]’jp,(l]t .1 IJresellts  sil[lil:lr  results for atI illcidc[lcc  allglc of S9 0 , i:ldicatillg that the scatter-

itly, ]~t’]lil Vi LJl” t)l~serv(’d  lI(Ir(’ is IIt)t ii stlol~g  fu]lctioli  of t,l Ie ad(litio!lal shadowing ellcoulitered

::,s t]l(~ aIIy; lP ;I1)I)I.o:L(II(IS  ~r;~y,itlp;. ‘I’(I I’llltll(,rf’x:(lllilic  tlltsc)ll]ccof  tllescatterillgwe triecl t o

isolate tllc sillp,lc’ IIrap,p,  s(attor colllril)utioll I)y iiltelillp;  t}IcI s u r f a c e  ill suc]l a w a y  t h a t  Iio

1( ’hollilllt  lllap,~  Colllt)ull(’llts  (,xisted  for scatterilig allp;l PS SlllallQ1 tIlall OO . I“igure  5 sll OWS

tllo l(slllts. (11) t o  0 ° ,  III(I (loss s(’(tiolls  relnaill ulialtcred, but  for  Ilc.g;ativc atlgles there

i s  a  (Ir:(lllati( (Irol) (of’ two  ord  Prs of magnitude  ill tlie s c a t t e d  Cllergy, ‘1’llis seelns tc) ill-

(Ii(ill(,  llt:~l, Jvllile Sl)hl is IIot a c c u r a t e , Ilrasg resonance  is still tile dominant scattering

I]lo(ll;tllislll  ill tllcs(’ (Iilc((i(]]ls. N[]lic(’ a l so  that tile (I]c]l)-c]fl’c)ccllls  less  Suddell]y  for  the

lolly,l)(’r s(lr(’:i((’  i]idi(atill~ [Ila[ r(15t)li:Ilicc  with Lv:iv[’lIl]lIll)fIls  IIear  tile IIra,gg wavel  IuInbcr  i s

in)l)octalll  a s  t II(’ sIII~dc O sIL)[ )(’ itl(l(,as(,s. ‘J’llis is also  a feature of tile ullifiecl perturl~atioll

11)(  ’thod  (( I1)N1) []{[Jdl’i:U(’Z and l{illl, 199’2],  atld  c)ft~~’o-scale’tllcories in general.

I . S u r f a c e  (;urreni  l{esults

$111’  lii( ’(’ (’(111 (’[)( :i!i il I)ypc(.)(lu  (’(. I I I  this sectic)tl wc rxalllille tllc current  t o  g a i n  furt]ler

illhip,li[  itlt(l  llIc  sraltcli[l: lll(~cll:tliislu lIc:ir grazill~. IIow’evm’, rather t han  analyzing the

SIIIfaIP  clllrcllt  d i r e c t l y ,  IV(I  (Jxall)itl(’  a relato(l  (]ualltity,  wliicll  we call  tile s o u r c e  functicm

alI(l d(’iill{’ it as

F= :;’ [1-} (v<)’] %p[--i(; ().p ]Ljo]j” (6)

JVII(INI  ,/’is 111(’ surf:icc curlent; ):0 aud -PO a r e  the IIorizollta]  and v e r t i c a l  c.mnpollents of

1110 illcid(’llt  ~vavevcctol,  rrsl)cw-lii’ely ;  aIId q. i s  tile illlpedatlce of free  space. IIy removin,g

111(’ ]) II: IS(’ (( ’l’Ill, we  lIavc obtained :i qu:tlltity w’llosc  l’ourie]. tr:illsforln,

CaII be rel:ited  tc) tlie s u r f a c e  spectrul~)  accord ilig to S])hl and {J I’M.  III the p r e v i o u s  equa -

lioll, lvc II;iv(>t:ikcll tllcsc)ll]cef~lllcticjll ill c)lle(lill]ellsic)ll,  asal)l)rol~riate forolle {lilllcllsiollal

IIulll(’rical  exporimellts. A s  ]Ilotivatioll fortll(’ follo~vi]lg ](s[llts, wepment  thercsultsob-

taitl(’(1  f(~r tll(’ sl)cctr~tlll  of tllo SOIICCO function accordill~ to f i rs t  c)rder lJI’M.
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Iyl)[, of (( JII])li  IIg is a Iul)L15t  (olllril)utor  t o  tlir  hcattcri]if+  f’Or a l l  s l o p e s .  Wre  IIc)ticc  t]lat

111(,  (orr(,l:ilioli”  (Iccr(,as(,s  w’il]l  SUII:I((I  s1o])CS aIId t h a t  tllc decrease i s  es~)ecially  al)parent

J’t)l llr:IKy, tv:iv(’s  \vlli(l) cu(il)l(  ill tlIP b a c k w a r d  directio]l. \\le also  IIoticc, that tllc r e l a t i v e

l~lliist ill(rras(,s !01’ 111(’W \vav(’s. ‘1’llis sup;gests  that di{fkrclit  s ca t t e r ing  mechan i sms  are

rcs])ollsil)lr  fot scattf~rillq  ill 111(1 l~a(liivard  dir(’ctioll  f o r  ca(ll IJc)lariza.tioll.

‘1’{)  f’llrtlltr  stll(l~~ tlIt-I iljllllcll(( of [II(I IJtagp; scattcril]p, Illwliallisln, W’(’ Colllpllte  tllC’ source

flll}clioll  sl)t’ctrll][l  ill l’ip,lll(’s ~~~.( I’{.)1 a slllfaCc, V,fl IOSC ]’olllipr  cc)ml)ollcllts  C)f W a v e l e n g t h

slllilllcr tll:tll  A ]Iave Ijr{’tl rtIt IIovPd. l’or all the surfaces, t,lir spectruln  of the source function

sIIOIVS  a  dlall]atic fall-of]” for Iv:ilf(’l(li~tl]s slllall(,r  tlLaIi tllc IIragg cutofl’ wlkilc relllailling

1111( ’ll;ill,<(d f’ol” tll(~ Ialy,(,l’ w:l\’(,l(,l l:<llls. ‘J’]lis ~i\r~S i{ Cl(’ill’ ill(]i(’a~joll  t]l~t CVNI t]lC)ll~]I t]lc

corroliitiotl  ii II(l  1)1 Iase  (lifl’(,r(,!l((~  l(slllts  (to IIOt ]natcll  e x a c t l y  w i t h  tile expcctcd  SI’M rc-

s(i]ts.  (11(’ lll’il~;~, r(Isol I: III[ >(;lttcrilly,  ]11(’(llallism  is still tllr’  dolninarlt s ca t t e r ing  lnecl)a  Ilism
. .

[)])(’l”al  Illp;  at t 11[’s(’ 111(.’  l(loll  (’(l ally,l  (’>,

;\s  :111 itl[(’w’stillp,  f“(atiir  (’. II(jtic(’  t h a t  tile Clillallcrlll[’llt  at ~J(-y) = O  i s  s t i l l  l)rcsellt

lur vf’lti(al l)t)l~ilizatioll, (I V(, II lliLII@L tllc~ r(,soll:~)lt W:~V~IS ]l:tvc lJCCIL lQIIIC)V(I(l.  ‘J’~lis  is ill

(lll:tlil~lli~’()  :IP,I’CPIIIPIII  ~~itll ~11(’  llip,ll(>l’ OI”CIC’1  Pl”c’dictic)lls  of lJI’M. hTc)ticc a l s o  t h a t  OIICC! the

sillp,lr,  s(:lt(rlillguc)  ll]l]c]ll(’llt is l(ttloi(,tller [~:tI)l )f:arcl[ll:illc  cl]lcllts oftl)es~lrfacesl)cctr~lll~

for Wal’(’1(’ll:,ths  (’qua] to /\/”l, ‘J’]I(sP e!l]lalicc)l~cllts  arc  present fc)r b o t h  ~lorizonta]  and

I;erlic;l]  I)olalizati(]tls aII(l for IIL(, 1 Ill(x) surf:ic(~  types. \f’e do Ilot have an exl)lal[ation f o r

tll(’ l)(lli~vior  at  tliis t,i]llr.

f“)  . Nc’ar  l’ielcl ancl S1l.adowil~g  l{esu]ts

lt is oft(’11 IIyl)otllcv+izcd tll;it shadowing plays  a  Iicy rcjle ill determilling the scattering

l)(~ll;ivic)r  a s  theincidellcc a]l,e,l(  a])])  roaclIcs  grazing. ‘J’c)c’x:ill~i]ie tliiscoujccture welcmkecl

at tll(’  :illll)litll(le of Lllcsurf:icf,  currf’llt  and tllc II Par fic]d ill areas w h i c h  arckllown to hein

tll(’ ~(’[)lllotric ~liad(ow. Sllil(loJviilp, is a Illultil)lc  sc:ittorilip,  l)li(IIIoIIlcIioII  a]i(l i t  is  ofiIltcrest

to (,xall)ili(,  111(1  stlu(tllr[~  of tlI(I  IIIJa  I ficl(l ill tllcsc  aI(Ias. l’llltlic’llllore,  froln  tlie discus sio]i

al)ove,  WC’ exl)mt tll:it tli(’ vcl”tic:il ])olarixatic]ll  resul ts  wil l  exliihit Solne sort C)f cou~)lillg to
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Iocaliz(’(1  s{lrface  wiLI’(w. ‘1’llis CL)ll[)lill F, Sllc)ul(l  1)(> a])par(,  Ilt if (Illc exalnil]cs tile CVallescellt

lio]d.

‘]’IIc  III(tl I()(l  of c:ilcltl:itic)ll  uhillp, ])(’ric)(lic  l)ou II(lary coll(litiolls ofleIs  tILc (Iistillct ad-

vaIIlap,(I  tlI:it  tiie II(Iar fi(’ld calI  1)(’  w])ar:tte(l  ilito i t s  IIrol)a:atilig  aIId cvallescellt  ( a s  w e l l

:IS ll!)\V:ll’d  ;Illd (] OWll\V;l l”(]) C(JIlll)oll(}llt  S, l’i,gure S l)rcsclits tlic horizontal  l)olarizatioll near

aII(l Pv:LII{Is(.cttt iiol(ls I’bl a surfa((’  I’c’ature  wliicll  c a u s e s  d e e p  slladowi Ilg. 1“10111 tlke IIcar

fi(’1(1 llla~,llitli(lc  it is clra I ttlat LIIIJ ])(::11{ to tlic left is c:illsiug  linifc  edge  d i f f r a c t i o n  i n t o

tll(’ slla(lo\vc(l  Va]l(’y. .1 silllilar [:~lculation  (IIot p r e sen t ed  hem) shows that  allnost all o f

111(’ Iie](l illsid(, Llic slIadc,iv(I(l Vall(,y is (]ue to dowlIwrard l)ropagating  waves,  as  OIIC W o u l d

Iexl)(’(1 flolll  illtuitic,ll: tlIfI I)c<ili (Ltrr(,]it  r~’ra(liatm  tile al)l)rol)riate  field for  the  knife  edge

,[li(l’l”ii(’tioll :111(1  to (’:l[ls(, slld(l(]ivitl,~. Ili tile rep,ioll b e l o w  tlIc kltifc  e d g e  shadowing  field,

tllc dcel) sll:idotv,tllo  (lirrollt lll:~y, [litllclc~  (l(~clc,:\s(,s dral~~:itically.  I t  starts toillcreaseili  the

Ii]lifc  o(lp,e (Ii fl”ractioli area.ov([l tll[)llgll  it is still ill tllegec,lnotric  shadow.  ‘1’lleevatlescent

Iio]d i s  stro!lp){’st ill 1111’ clO(’1) slI:I(lo\v aIC;i, where it is II(Ic(le(l  to exti]lg;uisll  t he  i nc iden t

lioltl. :111 t i l t ’hP c)l)s(’rvitliolls  :Ip,t(wI  1~’cll  w i t h  o u r  i n t u i t i v e  cxl)cctatiolls. We also  ]Iotc  that

L]](I  (LIlr(IIl ]l}a~l{itll~l(’  ill(l(,:ib(>s  (Iralllatically oli tlie Slol)es poilltilig tc)ward  tile t r a n s m i t t e r

aII(l t h a t  ][)t)st  of tlic l)a(’li\V;il’(1  l)rtjp:ip,atill~  fi(,ld seellls  to  c~lnallate  frolll  t h e s e  l)oillts o f

Iliy;ll sI(I])(I. ‘1’llis  itlll)li{5 Lli:it ll(,:~r~,razillg  tllt~sc:ttt(,rilig l[lccllzillis][l also d e p e n d s  strollgly

(.111 tllo local  Slopoj as wcl] as 011 t}ic plesellce of IIr:ig,<q rcsolla]lt waves .  ‘1’}lis i s  cons i s t en t

with  tli(’  r(’slllts  ohtaill(’d  ill tile l~jxlvious s ec t ions .

I’ipyw  9 I) I(w(IIIts  tlIe  c(]uivalrllt results for vertical j)olarizatioll, Wescc that t]le knife

P(l~(I (Iif[’l:tctic)ll  is still ])resel)t,  as is tlIe  sczittorillg ill tlIe  b:icliw’ar(l  (Iirec.  tioll d u e  to the sur-

l’:ic(~sloI)(Is.  nut, in coIItrast  t o  tllc Iiolizolltal po]arizatioll  c:ise,  tllecurrmlt clccleasesl[l~lcli

1(’ss ill tll(’  regic)n o f  (lcwp slI:idoLv. ‘1’list tile tr:iltsitioll slIoul(l  be slc)weris tobc expec ted

‘I)ccallse  tllo ve r t i ca l ly  l)(jl:irizc,d  curellt callllc)t  cllallge ahrul)tly  ill tlie horizollta] d i r e c t i o n

:iII(l  still s:~tisfy  the charge contill(lt,y  equat ion ,  u]llike  its horizontal  couIlterpart  w h i c h  f l o w s

illlto  t]l(~  l); Ig(I. IIoIvPver,  t h i s  l)ll(~tlo]))e]lo]l  is [~xl)ected  to last  c)]lly a few wavelcmgt]ls,  ILot

fift(v’11,  as ,w’cl] ill tl]o fiy;(lr(l. \\ ’II;  Il is al)parellt ill tile l)]ot of tile su r f ace  current  is tl(at ill
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tlI(I (If,(l)  slIa(low rcy,ic)ll (11(1 sutf:I(tI  curl(’llt i s  (luIIiilIa[c(l  by ii silig)lc  frequcllcy colllponcnt

W:llwsc  Lv:ivolcllgtll  i s  ;il)])l’(.l~i  lllilt(]~  Ilalf’ all rl(’ctlolIl:i~lifjtic Wavelellgt]i.  ‘1’llat  a  surfidce

w:;ivc i s  ilicl(,(,{l ])r(Is(IIlt  (’iIll Ijc s(I(’11 ill tile ek’all(’sccl]it  fi(’ld lilagliitudc  wllicll  ex}libits  modu  -

la(ioilS  W’lli(’]1 cl(>~()]~ (’[)i’l”OS])(.Jl  l(l  [(J Lll(’ sU1’faCC  Clll”l’(’llt  ~lld  \Vll]ijCh  ]l,M])]l~SC  fl’c)llts  ill tllc

v(’lti(al (Iir(’ctic)ll. ‘1’]l(,)lolizc)ll(;tl  ]J()]al’jZ~itjOIl I’(’SllltS (l[)llot CXlljbjt  aSilllj]ar  ])]l~Iloll~eIlo)l.

lf t]i(’ sur!’arc wravc is (]11(1 1[) slioIIg cou])]itlg of t}lc lnomclltum to a l)articular s u r f a c e

\!:llv(’  11(1  Illll(Jl’  (’olil])oll(,llt, :Is ])r(,(lj(t((l  by lJ1’hl,  f o r  illstallcc,,  we slIould exl)ect that if tlLat

s(l]lti((,  c~]llll)c~l}(,]lt is rPi Iiov(Id, lII(J ilifl’acc  waves  will Lc st,roll~ly  a t t enua ted .  111 F’igure 1 0

ii’[’ I)rfscllt  tli(, Iiear  Ii(,l(l i(;ill[titly, r(~slllts fo] a  filtorcd  v e r s i o n  o f  the s u r f a c e  usec] ill

l’i~ur(’ 9. ‘jlI(I  jilter jlas  I(IIiIov(Id  ;III surf:ice colnpollcllts \V]lC)SC’  \V{iVC]QIl~tll  i s  sln:i]ler  t~iali

/\. l’i~illr 1 0  slIc)ws  tliat, lvllilt~ Ii)atiy of tlie larpy scale features of the s c a t t e r e d  field are

cotllllloli  to bo(ll  cxali)l)lcs, tllc sulfate iv:il’c is strongly  :ittelluatd, as ex])ectd. ‘1’liis c a n

also I)c SPIIII  l)y (Ixallliliil):;  t II(’  SLll”fil(’(’  current Illagliitude, whicli  dots liot present  the s a m e

lnl)id  os(’illiltiolls” ljl(’~(’llt  ili l’ip,llr(’  !),

‘1’11(1  Ill)hl I(JSIIIIS  l)r(’(li([  tlI:It, i f  tile s u r f a c e  is  roup,lt cilougll, t}lcrc  lvill bc a strong

(,loljl)lill,p, t{) ,silll’acf~ \v:tl’(,5, (>\ ’(i II Ii”lt (III t]IC i]lcidc!lcc  allp,]c i s  IIot. IIea I’ grazing. As a  fiIia]

tf’st for tlI(I L’ali(lity  of [II(I 11](’(ll:lllisln  ]Jro])osd ;Ll)ove, w e  ~jrescllt  ill l’igure 11 tile llear

Iio](l ](’sl]ltsi’[)ltl  l(’s; ~lll(s(l lf:\((ils((l ili l’iguleo, but for at] illci(lellce  a11gleof60°.  W h i l e

tllc lI(Iar  field r(’su]ts  ai(I quito (Iilli’le]lt  f o r  t h i s  c a s e , tllc (Iviillescexlt  f ield still s] Ic)ws the

pr(’s(’l)c(’ofa  Surf:ic(’ \\’:i\’(’ ,  as (I()(Is LIIC  surfac(,  current,

‘III(’ (Walilph’ Cli[)s( ’11 llerO i s  {’01  ;I \’121y rOugh sllrfacc since  tliis tcllds t o  enhance the

slla(lowill,~  ])1 1(, Il(Jlii(,l I:i, II[)w(’vel’. tllc 1)11(’IIoIi)cIIa disclissod  I)ere a r e  IJmsellt  fc)r slilaller

slll”f;i(’C  Sh])(%, h i l t  al’c COI’I’(>S})[)ll( l;ll~,l~ sIiIa]](~I’,

6. c o n c l u s i o n s

Jl}c ])lcsciitd  calculatiolis  fc)r sc:itterillg froln  l)o~vcr  law rougl} s u r f a c e s  a t  i n c i d e n c e

:ilip,lf Is v(’ry  clew to g;r:izi]lp,  i]]ri(lo]i((,, I’or s]uail  surface IIeiglits,  wc sltowed  that  resonant

si;llp,lr 111’ii~~, scattoritl~ (Iolllillatc,s. As tllc surface hei~llt increases, we showed now tile

cross  S[’CliCJllS  clIiifI~,t,d  ;ilid ary;iIP(l  for tllo  l)ICSPIIC(,  ofdoulj]e  I)oulice  scattering close to tllc
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Apl)enciix  A

(1 = L(2 - 2’) (12)

b , - (J - :/:’) /1, (13)

.s z k 1, (14)

1’ = -k], sill flu (15)

‘1’lic illt(gral is  rapidly (ullvcr~ellt :iII(l  c:i II bo e v a l u a t e d  Ilu]nericallyo  Given  this sulll, tllc

I)criodic  (;r<~{,ll’s function  (’ii]l 1)(I wrrjt,tell  as

gp ~
‘(”””

;i 1/,; {(s1) )“~ + (1Z
)

+- ,S((t, f), r,.s)-{  S’(U, -b, –7’, s) (16)
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the ])eriodic  (; IeII’s fullc-

‘J’hc function S(a, b,r, s)

(lr])o II(ls 011 tlI(I sIIrl:Ico Iloi:+llt tlIrLJIIKII  tlIe  I):i Iiil  I)c Itc I (L. ‘J’llis IIlcalIs  that S must be IiuInm--

ic:(]ly i]ltop,rat(ld  a s  II I:i IIy ti]llc~s il>  tlIc  IIu  It Il)er  o f  elc]l)e]lts  il] tile h4(lhl Inatrix.  l;or  large

$!11 rfac(’.  s, t h i s  i s  illll)ractical ~illcr  i t  IIl:ikcs tl)c  Ill:itrix loadi]lg  tile Inc)st cc)l[ll)~ltatic)lially

(Ixl)ollsivo IJact,  I)y f a r .  ‘lo tjl’elc[)ll]o this proljlc~ll,  wc ~vill IIlake useof tl~cfiac.t  t h a t  wc are

iiit(’1(’hl(’(1  ill surfa(’(’s W’]lic]l  aI(’ II IIICl I ]oIIgQr  tliall  t]lc f>]c’ctl’c)]l):ig;[lctic  w’ave]mgth.  l’rc)m

III(J (I(,lillitioll  (I I, Y((I, L.l,. s). (JII(’ (:111 s]iow tll:it  til~ f o l l o w i n g  idelitity IIolds:

,\l

:, ~ Ii:~/,, :. –
1’1(12 –,

‘WY (p,$(d(o,  N + b,s,7’)
,$(((,1}’-[  L,.$,’/”)% > - - - - - - - –  ~,, ---—

,,.IJ
(19)

v;]IeIe ,$(”) is tlic 1)(II  I);lrlial  (I(,liviitivc  o f  ,$ w i t h  rcsl)crt to a , and is easily obtained  b y

tlill’(’](,liti:ttili~  oqu:ttiol]  ( 11 ). ‘1’II(Is[’  illte~ra]s :iro also ral)idly  convcrgc]lt and independellt

of 111(’  surfa(’c  Ileigllt  so t h a t  tllcy c:~ll be I)  I(Icc)IIIl)\It(J(l  iiII(l  stored ill tal)lcs.

‘1’hc Ilulllcrical ev:iluatio[l of t.l Ic (; IWII’S fullcticjll  is prrformd  by e v a l u a t i n g  equa-

tion  (  1S )  dl]d replaci]lg ,S hy i t s  :il)l)lc)xilll:~tic)ll,  cquatioll (  19 ) .  111 t h i s  l)al)cr, we

lIav(I  (-]  I(IS(III  t]Ii7  surfacclcllSLll  to hc 10’2.4A :i]ld tllc slllfacc is saml)led at O.l A i n t e r v a l s .

l]l.Y colll]):iri]ig  agai]lst tllc esacl reslllt we liavcfoulld that i t  i s  sufficielit to take N = 1 ,

and ‘//,l,(l,l. =- (j, A l l  tll(~ illtr~lals, a s well its :ill suhsequellt calculations, were computed

with dolll]le  l)lecisioll  aritlllllf’tic, ‘J’llorc  is Ilo ahsc)]ute  test of the llulnerical accuracy of tllc



,-,

c

0
-b

,!

-L

‘G
w

—.

-L

‘<-.
c

-

.
“?

z

=-
3-
-.



15

]iilll,  }’.. ]’;. ]{[l(]l’fp,  ~l(’~ ,  iill(]  S.],. l)(ll’(]O1l,’” <l II II III(IIi(:il ass(ssnlellt  of IouglI s u r f a c e  scat-

Lclill,g  tll(wri(’s: ~olti(i(i  1)(.)]:tij~iili~)]i,” l{a(lio Sciel~uc,  27’, 515-527, 1992,
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l“igure C a p t i o n s

1(’igllre  1: l’ip,(lro la slIoJvs LIIC  I)(rceiit of tl}e suIfacc illumillatwl for s u r f a c e s  wl~ose

l(JIIF,fsl  it~Iv(’l(tIp,llI  .\ i s  102.1, \ ({IIII1)lV (ilclcs); 51.2/\  ( f u l l  c i r c l e s ) ;  25.6A (clnpty  squarm);

illl(l  1“.2.t\A  (i’\ Ill S(~llill(’,S ). I’i:,llt( I 1) sIIolvs  tllc IIIIS sloI)c (e]llpty circle)  aIId rIns  c u r v a t u r e

(s,~li{l  [il,l[)  !’(,r tl~c SaIIIf >Ilrl’;Ic,s. ‘I’l If’ s])ectrlil  decay  puwrcr  is -3,

l“igure 2 :  l’olalilll(l ric lJal:(IIICIlrrs  for 0/, =  O. IA, S9° illcide~lce  angle and A  =. 102.4A

(Cl”tlSSW),  !\ : 51,2A ((liillll[)ll(l s), all(l A  = 25, (jA (tri;ingles).

l’igure 3: l’OlilfiltlPtliC  ])alalll(’[el”S  fOI” 0/, =- 1.OA,  SOO i[lcideIlcc  aIIglC and A  =  102.4A

(crthws)$  A  = .51 .2.\ ((ii:llllollds), .\ =. 25. fi/\ (trial lglm), aIId A = 12.8A (squarcw).

l“igllre 4:  l’Ol:lrilll  Otric l)i\l”ii  lll(’1(’l’S fol 0/, =  I.OA, S9° i)lcidcllce  a~lglc and A  = 102.4A

(crcIss(Is), \ = 51.2/\  (di:il[lt)llds),  iIIId A  = 25. LA (triaIlglcs).

l“igure 5: SaIII(’  a s  lip,(lr(’ .1, l)IIt  tllc surfac(’  lIas lJcclI filtered sc) tliat nc) wavdeligths

Sllli Ill(’1’  tlliill  ,\ iil(> ])l(’S(lllt.

l“igurc G: SOUMCI  fllllctioll spect IUHI (11 ])c}larizatic)]  l-triaIiglc’s;  V polarization-mosses),

lIV  corrcla[ioll cocflicir]lt aIId plIasc  difl’erellce  f o r  00 = 89 0 , aud A = 102.4A (a), A = 51,2A

(l)) ,  all(l 3 =- 2.5.6A (c) .

lrigure 7: !+:i]ll(’  as fiy,I]r(’  O. l)iIt tllc s~llfacf, lIas l)w’11 filtered so that  IIo wavelc]lgtlls

Sl)]illl(JI’ t]lilll A ~lp ])l’(>Sollt.

1<’igure 8: IIori?olltally ])[llill’i7.C(l  Ilear  fi(,ld ( top), evallesccltt field (middle), and surface

[’tll’l’(’11[  (l)ott(llll)  f[ll” 00 =  X9 0  
iiIId  :i Sul”fac(’  fl”[)l]l t~kc s[’t C)f A  :- 25,6A Slllfid CIX.

Figure 9: !+ame :is figuro  S, l~llt for vcrticzil  po l a r i za t i on .

l’igure 10: SalIlc  as iig;uro 9, l)llt tile surface has hceII filtered rcmovillg any compollmts

w’l Iosr  tvak’elcII~tll  is sIIIall PI tllall ,\.
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